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Abstract 
This document is the final report for the Compressed Air Energy Storage Monitoring to 
Support Refrigerated-Mined Rock Cavern Technology (CAES Monitoring to Support 
RMRCT) (DE-FC26-01NT40868) project to have been conducted by  CAES Development 
Co., along with Sandia National Laboratories. This document provides a final report 
covering tasks 1.0 and subtasks 2.1, 2.2, and 2.5 of task 2.0 of the Statement of Project 
Objectives and constitutes the final project deliverable. The proposed work was to have 
provided physical measurements and analyses of large-scale rock mass response to pressure 
cycling. The goal was to develop proof-of-concept data for a previously developed and 
DOE sponsored technology (RMRCT or Refrigerated-Mined Rock Cavern Technology). In 
the RMRCT concept, a  room and pillar mine developed in rock serves as a pressure vessel. 
That vessel will need to contain pressure of about 1370 psi (and cycle down to 300 psi). 
The measurements gathered in this study would have provided a means to determine 
directly rock mass response during cyclic loading on the same scale, under similar pressure 
conditions. The CAES project has been delayed due to national economic unrest in the 
energy sector. 
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Introduction 
The DOE studied the potential for development of a Refrigerated-Mined Rock Cavern 
Technology (RMRCT) for storage of natural gas in granitic rock  in the northeast U.S [ 11. 
The concept involves mining space deep in crystalline unfractured rock and storing natural 
gas by chilling and compressing it to reduce the storage space required. There is 
considerable technical risk associated with a facility of this type, a portion of which is 
derived from unknowns associated with large-scale cyclic internal pressurization of a mined 
cavern in hard rock. The technical risk can be dramatically reduced by completing 
measurements and analyses of rockmass displacements in hard rock at the same scale as the 
RMRCT to quantify the effects of the pressurization and pressure variations at low 
temperatures. An opportunity existed to make such measurements (and analyses of large 
scale rockmass response) in  a compressed air energy storage facility (CAES) being built in 
Norton Ohio. The in situ conditions and rockmass properties, pressurization range, and thus 
the deformations for both the CAES and RMRCT facilities will be similar. Measurements 
of these pressure-induced deformations had been planned in  the  CAES facility. The 
analogous nature of this planned work makes it directly applicable to understanding the 
physical nature of deformations likely to be induced  in  a RMRCT facility and thus reduce 
the technical risk. 
This document is the final report on the CAES Monitoring to Support RMRCT (DE- 
FC26-01NT40868) project to have been conducted by CAES Development Co., along with 
Sandia National Laboratories. This document provides a final report covering tasks 1.0 and 
subtasks 2.1, 2.2, and 2.5 of task 2.0 of the Statement of Project Objectives and constitutes 
the final project deliverable: 
Task 1 .O: Review  RMRCT faciriiy concepts 
The concepts for the RMRCT feasibility design shall be reviewed in detail to assure that 
monitoring of the CAES facility meets the important engineering design and performance 
needs of a RMRCTfacility. 
The proposed work was to have provided physical measurements and analyses of large- 
scale rock mass response to pressure cycling. The goal was to develop proof-of-concept 
data for  a previously developed and DOE sponsored technology (RMRCT  or Refrigerated- 
Mined Rock Cavern Technology). In the RMRCT concept, a  room and pillar mine 
developed in rock serves as a pressure vessel. That vessel will need to contain a pressure of 
about 1370 psi (and cycle down to 300 psi). The measurements gathered in this study 
would have provided a means to determine rock mass response directly during cyclic 
loading on the same scale, under similar pressure conditions. The in situ conditions and 
rockmass properties, pressurization range, and thus deformations for both the CAES and 
RMRCT facilities will be similar. The CAES project has been delayed due to national 
economic unrest in the energy sector. 
The RMRCT storage involves understanding the mechanical and transport response of a 
significantly large volume of a rockmass to a cyclic pressure load and thermal variations. 
Public health and safety in underground natural gas storage is an unmeasured risk. This risk 
is sometimes judged  as very  high because of  the volatile nature of the material being stored 
and the uncertainties of the geologic materials proposed as the storage media. A portion of 
the natural gas storage risk can be reduced by increasing the fundamental understanding of 
very large-scale rock mass response to significant cyclic pressure loads, in a manner similar 
to those that a RMRCT facility may experience. 
The thermaUmechanica1 rock mass response effects for the proposed RMRCT have been 
discussed and modeled [l]. The results indicate a favorable set of conditions for stability, 
given the simplifying assumptions made. At some point coupled 3-D thermomechanical 
(and possibly hydrologic) analyses will be required to more fully understand the physics of 
an operating facility design. These analyses should include potential changes in the 
mechanical and hydrologic transport properties of the host rock resulting from thermal and 
pressure changes. The temperature changes indicated [l]  for RMRCT are  on the order of 
50'C. Uniform and non-uniform temperature changes (increases or decreases) are known to 
affect the mechanical and transport properties of igneous rock [for example, 2,3, 
respectively]. The non-uniform temperature field thermal effects are considered to a 
certain degree in the analysis results presented [l], although simplifying geometric 
assumptions facilitated the analysis. The non-uniform effects would be transient for some 
time until a steady-state heat transfer environment evolved. Also, pressurization has the 
potential to modify the effective stress field by altering the pore pressure in the rock, which 
would affect the stress state. 
The conceptual design and supporting analyses completed thus far indicate fluid pressures 
within the Rh4RCT will range from 1370 psi to about 300 psi, a range of almost 1100 psi. 
The minimum vertical and minimum horizontal in situ stresses are about 3000 psi and the 
maximum horizontal in situ stress is about 6000 psi. These stresses, and pressure changes 
constitute mechanical loads that each underground opening in the RMRCT will be 
subjected to. The load cycling pressure change is modeled to be small relative to the 
strength, in  situ stress, and excavation induced loads. The underground structure is 
presented as stable in the RMRCT report and considered to  be within a safe operating limit, 
with the potential to add ground support. 
The conclusions reached to date for RMRCT storage are based solely on assumed rock 
properties and analyses. Although analyses are used routinely in underground design under 
ambient, relatively steady state conditions, a project of this magnitude will require 
substantial investment. The inherent unknowns of geologic systems, resulting in perceived 
risk for regulators, the public, and investors will need to be determined. Attempts should be 
made early on  in the conceptual design process to decrease that risk. One way to 
accomplish this risk reduction, as had been proposed for the Norton CAES project, was to 
measure large-scale rock mass response to cyclic pressure. 
A compressed air energy storage (CAES) facility is being built in Norton, Ohio. The 
facility will begin operation within 2 years at 300 MW electric generating capacity, with 
design plans to increase to 2700 MW during the subsequent 5 years. The underground 
portion of the facility is an inactive room-and-pillar limestone mine that is 2200 ft deep. 
The volume of the mine is approximately 338 million cf with a footprint of about 1 mile by 
1.5 miles (Figure 1). Rooms are about 32 ft wide and range in height from 17 ft, 28 ft, to 47 
ft.. Fourteen long boreholes (about 100 ft) exist in the mine (at various orientations) and 
could also be used for monitoring sites. The mine will be cycled in pressure from about 
1650 psi to 900 psi on a weekly basis. Monitoring the rock mass during pressurization 
cycles of the mine will provide a means to evaluate large-scale  rock mass mechanical and 
hydrologic responses. Measurements and analyses will be made of pressure, temperature, 
and rock mass displacements from within the mine during initial pressurization, and during 
pressure cycling. In situ monitoring of the mechanical and hydrologic response of this 
facility will provide the DOE a means to reduce risk and thus increase the flexibility (create 
a better opportunity), and further considerations of RMRCT underground gas storage 
technology in the U.S., especially in areas where other media are not available. 
The measurements conducted in this study will provide a means to determine directly rock 
mass response during cyclic loading, on  the same scale, under similar pressure conditions. 
Table 1 compares a potential granite site for RMRCT with recently measured physical 
properties (lab and in situ) for the Norton site. The Norton site has very little ground support 
(occasional spot bolting at  high traffic intersections) and the RMRCT facility is intended to 
have minimal ground support. Thus the Norton site offers the opportunity to monitor rock 
mass response without the added complexity of ground support interactions. Except for 
rock types and operating temperatures, the two facilities are remarkably similar, thus the 
mechanical response of the two rock types is expected to be analogous. This realization is 
made apparent through examination of values in Table 1, where material properties of the 
host rock, in situ conditions and operating conditions are listed side by side. 
Figure 1. Footprint of the Norton  Mine,  showing  location  and  distribution f room sizes. 
Table 1 .  Comparison for Granite and Columbus  Limestone 
10 
Specifically, displacements across rooms and within existing long boreholes from rooms 
will be measured with extensometers. The cross-room measurements (floor to ceiling 
primarily) will provide an indication of the rockmass displacements, which are a 
consequence of far-field response (the free surface of the earth is  the only unconstrained 
surface). Along with these measurements, measurements of pressure, moisture, and 
temperature in  the mine would be made to define the in situ loadings on the rock mass. The 
displacement measurements within long boreholes will provide an indication of the 
displacement gradient. If a strain gradient exists with distance from rooms, this could be the 
result of a damaged rock zone (DRZ) around the openings. These measurements will 
provide insight into large-scale rockmass response of mined openings to internal 
pressurization by a gas of mined openings, directly applicable to the RMRCT facility 
rockmass response. 
Thus, the compressed air facility in operation could serve as a model for the RMRCT 
facility. The benefits of making these measurements and analyses are many. The CAES 
facility will be cycled weekly (more often than the RMRCT facility), thus the effects of 
load cycling would potentially be seen in a shorter time frame. The CAES facility will be 
subjected to pressures greater than the RMRCT facility, thus a greater portion of the stress- 
strain curve would be exercised. If a RMRCT facility is ever developed it will have to be 
monitored internally, monitoring the Norton Mine will provide a means to evaluate 
equipment and instrumentation techniques for long-term operation. The Norton Mine 
rockmass is well characterized [see references 4-15]; therefore, the measurement system 
could provide insight to the RMRCT development process as to where to focus 
characterization funding. Finally, internal pressurization of hard rock to this magnitude has 
never been attempted. Geologic uncertainty dictates the possibility of unknowns. For the 
CAES facility, air, a ubiquitous and safe medium will pressurize the facility, thus the 
consequences of a leak are benign to the public. A natural gas leak, as has been experienced 
recently in Kansas, can be catastrophic. Thus clear understanding of every detail of rock 
mass response is critical. This study will greatly enhance understanding of important 
unknowns for a RMRCT facility. 
The planned work is directly analogous to that needed fro the RMRCT. This makes it 
directly applicable to understanding the physical nature of the deformations at the RMRCT 
facility. It offers the potential to reduce the risk, both technical and fmancial, if a facility of 
this type is ever to be constructed. 
Task 2.0: Design andprocure instrumentation system 
Subtask 2.1: Identibperformance requirements 
Specijk requirements shall be  identiJied for measurement performance and  instrumentation 
to meet those requirements shall be  selected. 
The  measurement  requirements were focused on developing a good understanding of the 
potential “actual” physical response of the internally pressurized rock  mass in the context of 
temporal operations of the CAES facility. Figure 2 shows an example of the planned 
pressurization history for the facility, with 0 hours representing 8:OO AM on Monday 
morning. Compressed air pressure would  be  used to drive a turbine for about eight peak use 
hours, then some recharge of the facility would  take place through compression during off- 
peak hours each  day.  The net loss  in pressure at the end of the week on Friday afternoon is 
made up by air compression through the weekend to recharge the facility. The pressure 
cycles presented below were  modeled  using fmite element analyses. 
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Figure 2. Planned “typical” weekly pressure cycling of the Norton CAES facility. 
The analyses were both near and far-field representations that used an elastic-plastic 
material model in two- and three-dimensional realizations. In the analyses, the in situ 
stresses were first imposed on a large representative volume of rock. Then the  mined  rock 
areasholumes were removed to simulate the excavation process, allowing the rock to 
deform into the space created by excavation. Figure 3 is a representation of a portion of the 
mesh used in one of the 2-D room and pillar analyses. Then pressures were applied from 
inside the rooms pushing out in all directions to simulate the planned “typical” weekly 
pressure cycling as shown in Figure 2. All deformations calculated are within elastic limits 
and predicted displacements were: horizontal: 0.03 to 0.1 1 cm, vertical: 0.09 to 0.57 cm, 
depending on the type of room,  where in the mine the room is located, and the location of 
the point being displaced. The vertical displacements are potentially the greatest because 
above the mine roof is the free surface, 2200 ft away (the surface of the earth), whereas 
horizontally, the mine is everywhere constrained by rock. These calculations were used to 
12 
support determinations of the range, sensitivities and locations of instrumentation used to 
measure the rock  mass response. 
Room and pillar finite  element  mesh for Norton  Mine 
Figure 3. Typical room and pillar fmite element  mesh of the Norton mine. 
Suhtask 2.2: Select  instrumentation locarions 
Target areas for instrumentation locations shall  be identijied. Target areas shall provide 
optimum opportunity to measure large-scale rockmass response io pressure cycling. 
Subtask 2.5: Formalize  instrumentation testplan 
Final insirumeniation types and locations necessary io maximize collection of displacement, 
pressure, moisture, and temperature data in the mine shall be determined. 
The locations of instrumentation (Figure 4) were chosen  to provide optimum opportunity to 
measure large-scale rockmass response to pressure cycling. The wiring and data collection 
runs from the surface down through a dedicated borehole. The  types of electrical/pressure 
connections planned are detailed in Appendix 1. The type, range and sensitivities of 
instrumentation were chosen to  measure an average rock mass response in  ways  that are 
13 
consistent with  the orientations and magnitudes of maximum displacements predicted by 
the room and pillar finite element  models.  For  example, extensometer measurements are  to 
be made across rooms (vertical and horizontal) in areas well within the mine, away fiom 
mine “edge effects”. The convergence meter is a modified MPBX using one anchor 
installed in a vertical and one in a horizontal direction, each with extension rods. T h e  
specific instrumentation selected is detailed in Appendix 2, and contains the range and 
sensitivity of each instrument. Also,  taking advantage of existing long borehole drilled &om 
the mine periphery, deformations within the more virgin rock mass away from the mine 
opening could be measured. Pressure and temperature measurements were planned  at all of 
the displacement measurement locations because mine deformations also depend on spatial 
and temporal thermal and pressure fluctuations. 
4 Norton  Energy  Storage  Geotechnical  Monitoring  Wiring  Diagram 
Figure 4. Footprint of the Norton Mine, showing location, distribution and type of 
instrumentation planned for the facility (MPBX-Multiple Point Borehole Extensometer; PT- 
Pressure Transducer; and T- Thermocouple). 
14 
Conclusions 
This study ended without completely getting off the ground. The work was terminated 
solely because of a hiccup in national economics within the energy sector, resulting in  a 
delay in the compressed air energy project. The work presented clearly connects the 
RMRCT and CAES projects in terms of the needs to further understand large-scale rock 
mass response. The information in this report, and the fact that the work was funded further 
demonstrates the technical feasibility, constructability, etc. of the  CAES project in Norton, 
Ohio. The fundamental rationale for a rock mass monitoring system, and the sensitivities, 
ranges and the layout of that system in  the facility have been detailed. 
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Appendix 1 
Connectors and Receptacles 
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. .  . 
D. G. O'Brien  107 Series Connectors 
D. G. O'Brien 128 Series  Connectors 
A high density, instrumentation connector series for submerged applications. Size and cost 
are major drivers in selection. The plugs are designed to be  molded  to cables. 
Product Features 
x Glass-to-metal sealed pressure barrier in receptacles 
x Single O-ring seal between plug and receptacle 
x Operating pressure: 0 to 2,000 psig (138 bar) 
X Basic body material: 316/316L stainless steel (others available) 
. .  . . 
. .  . . . .  
Product Options 
x w  
x Bulkhead Receutacles 
x Bulkhead Splice Receptacles 
Copyright 8 2001 D.G. O'Brien, Inc. 
. .  
I 20 I 
D. G .  O'Brien 128 Series Bulkhead Splice Receptacles 
M N G  
k l  
Dimensions in inches 
~14#20&1#16[ 1280233-101 11.37510.94011  3/16-12UNHM~3461/2-914a 
Copyright 0 2001 D.G. O'Brien, Inc. 
(Page  intentionally left blank) 
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Appendix 2 
Extensometers,  Piezometers,  Pressure  Transducers and Temperature  Sensors 
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Rod-Type Borehole E o m e t e r s  
I 
(\ppliaaionr 
RodType  Ex tensometers  
measure displacement or 
de fo rmat ion  in soil, rock 
and  concrete structures. 
Typical   appl icat ions include 
the measuremen t  of... 
*Ground m o v e m e n t s  
around tunnels 
De fo rmat ion  of dam abut- 
m e n t s  and founda t ions  
* Ground movement behind 
retaining wal ls ,   sheet  
piling, sluny walls, etc. 
Ground m o v e m e n t s  in the 
wa l l s  of open pit mines 
Deformation of concrete 
p i les  itell-tales) 
Fracturing in the roofs a n d  
WUSdUndsrgrwndCdWIlS 
*Subs idence   above  tunnels 
and mine openings 
*Settlement and heave  of 
foundations in soft soil 
wrmw -ipk 
Rod  Extensometers  are  usually installed in boreholes 
with from one to eight  borehole  anchors. Mwement of 
Ids attmhed io the  anchors is measured relative to the 
d a d  of tha  extensometer  anchored at  the mouth of the 
borehole  end can be analyzed to reveal  the  magnitude 
of the deformation between the  anchors. 
Installation  is accomplished by assembling  the  anchors. 
mds and p i p s  ouside tte barehole,  placing  the  assembly 
in the  borehole than fixing  the  anchors in place.  The  head 
of  the Bnenmeter can be configured  for  manual  readout 
using  a diel indicator  andlor for electronic  readout  using 
vibrating wire sensors. linear  potentiometers or DCOTs. 
Two main types of extensometer  heads  can be identified. 
The Flangetype is designed to  sit on the  surface  of  the 
rock  soil or  concrete  structure  at he mouth  of  the bore 
hole.  The  Rangeles.stype is designed to be  recessed into 
the bolehole or intd an  enlarged fenion of the  borehole: 
usually to  provide  protection of the head from traffic. 
vandalism or from  blasting.  construction  activity.  etc. 
24 
. .  . . ' .  c . ' . .  
- . GmUW*&. 
The Model A-3 is the  preferred  design 
for  installation in downward diremd 
boreholes  which  are  easily filled  with 
cement  grout. 
The borehole anchors of the  Model 
A-3 are  made from lengths  of  steal 
reinforcing bars which are  connected 
to  the meesurement  rods. The  rods 
are  protected from the  grout by plastic 
pipes to ensure their free  travel. 
Anchor m w e n a  are sensed m&n- 
micrometer. w electrmicallyto measlre 
ically  using  e  dial  indicator  or  depth 
the  position of the top of the attached 
rod relative to a stainless  steel refer- 
ence  plate in the  head of the imtnmmnt. 
Up to  six of these rodlpipejanchor 
combinations  of  differing  lenpths can 
be installed in one  borehole.  This Mt 
only  enables the measurement 01 the 
magnitude  of  any rnownenn but  also 
the  location of any failure  planes  and 
zones of mmmenn. 
Aspecial  bawnef  mdification to the 
anchor will allow the  measurement 
rod to b, disengaged from the  anchor 
and m w e d  a known distance. With 
such a  feature it is  possible to check 
the correct  functioning  of  the  instru- 
ment  during it's working  life:  this a W s  
to it's reliabiliw. 
By  means of flanges. the head of the 
extensometer is desiqned to  fit a 3' 
p_ stamiDim that is firmk anchored in the . .  
mouthoftheboreholeatthesurface. 'Mcd3 'A4wim~' i~spr inganshm 
. .  
L 
*sMP-nilpW~ 
The Model A 4  is designed  for  upward 
directed boreholes. in hard or compe- 
tent rock, that are  smooth. uniform  in 
diameter  and will slay open. 
Anchors are  easily  installed LQ pushing 
them to  the required  depth on the end 
of the setting rods and then  pulling  on 
a  cord to remove the locking  pin.  This 
a l m s  two retaining rings cm each  anchor 
to snap outward and grip  the borehole. 
Up to eight  anchors may be installed at 
various  depths in the borehole. 
Stainless  steel rods  from each  anchor 
terminate in machined tips which  rest 
is set  inside the mouth of the  borehole. 
inside  the wllar anchor  This  collar  anchor 
again  using a snapring type anchor. If tha 
muth of ths borehole is enlarged. a d l a r  
slabilintion tube  may  be  required; it is 
cmntad  inside  the  borehale to provide a 
gmd  ripping surface  for the mllar aWha 
The collar anchor  has a  stainless  steel 
which  the stam of a depth micrometer 
reference  plate cmlaining holes through 
w d i a l  indicator can be imelred to measur8 
the position of the md lips. Alternatively, 
or  additionally, the collar anchor  can 
be configured for electronic  readout. 
suppart and space  the  longer rods. 
Intermediate  borehole  anchors  tend  10 
however  additional spacers  may  be 
inStalled  as required. 
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with a hydmtdlc plrnpwhich camas the 
w q e r  bladder to erpand  and  'unwind: 
The Model A.8 fan be supplied  with borehole  is  either grouted. or the 
either youtable rebar-type  anchors ' hydraulic  anchors  Betuated land then 
or hydraulic  anchors Where grouting i grouted. if roceuarv). 
tuba. When  hydraulic  anchors  are : 
~ "I WLII. 
I : Wim the koa nrpB anchor. hVdraulic 
- 
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Extensometer rods are 6 mm in 
diameter  and  are  available in  three 
different materials. The standard 
connected together  using flush 
material is 303 stainless steel 
couplings in 3 meter or shorter 
lengths.  Fiberglass  rods  may  be 
substituted  using mtinuous lengths 
as in  the  Model A5 Extensometer. 
Carbon  composite  rods  am  recom- 
, 
mended where tememtum effem i Mod4 1500 
need to be reduced to a mirjmun. 
tong  rods  (i.e. 50 m to 1 W m long1 
can  be  tensioned by means of  sprinpa 
inside  the  extensometer  head.  This 
has  the  effect of taking Wt any  slack 
in the  rods  and  improves  the  precision 
for  details). 
of the  measurement (contact Geokon 
Linrtr Pot. "Utw 
Ihe Madel 15w Potentiometer 
utilizes a sturdy 6.5 mm (0.25 in.) 
diameter  rod  which pouudes from 
bOUlandsastheacUlatingsh8ff.This 
facilitates  connection  of the linear 
potentimeter to  extensometer m d s  
and  also prmita a mechanical  check . , m ~ ~ - ~ ~ ~ h w  
on the readings using either a dial wia, hwd RB-fW ,?aadnYf 8w. 
indicator or  a depth  micrometer. 
-- . 
- . ~ . - ~ .  - r p m c i f i i s  
The Mooel 4450 Vibrating Wire 
Displacement  Transducer  provides 
remote  readout  for Geokon 
extensometers. They are particuietly 
useful  where  othef types of  Vibfating 
Wire sensors  are  used  and for 
installatinnswtere  long  cable  runs 
are  required. 
lcshniesl Specilkasions 
StmdardRmgd 
SNI,Iti"Yity 
A C E W C "  
NQ"1i"WitY 
Templrmum n8np.i 
' O h r r * P l l u 1 * i n W " .  
.w,-m--n- 
high  temperature  applications  are 
Manual Readout  is  peiformed u m g  
the Model 1400-1  Dial  Indicator 
ISOmmrangela14004DigitalDepth 
Micrometer (50150 mm  range). 
Electronic  readout  is  achieved  using 
the Model GK-401  or  GK-403 VW 
wim +?baling win U a n s h m .  Readout Box (Model 4450) or the 
Model RE100 Linear  Potentiometer 
Readout Box (Model 1500). 
For aumatic monitoring.  readout is 
test arxumplished.  using  the  Geokon 
datalcggercapabla  of  reading  vibrat- 
Micro-10  Datalogger. or any other 
ing wire sensors  (Campbell Scieniflic 
800. Geomation Model 2380. Me.). 
CRl DX, Data  Electronics  Datataker 
12.25.5c.lWmm10.S.1.2.4in.i 
O.W% F.S. 
to.% F.S. 
< 0 5% ES 
-wc D tB0.C 
also  available.  Standard  ranges  are 
50 mm. 100 mm  and 150 mm. Other 
ranges  aveilable on request. 
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VW Pieza- 7ers &k Pressure Transducers 
Applications 
FOI the measuremen t  of.. . 
Ground Water   e leva t ions  
Pore Water prsssures 
P u m p l e s t s  
Uplift Pressures in 
d a m   f o u n d a t i o n s  
Hydraulic Pressures in 
t a n k s  and pipelines 
Wick Drain  ef f ic iency 
Water  Pressures behind 
tunnel linings 
I 
I 
Operating Principle 
The  transducer  uses a pressure  sensitive  diaphragm with 
a  vibrating  wire  element  attached to it. The  diaphragm is 
welded to a capsule  which  is  evacuated  and  hermetically 
sealed.  Fluid  pressures acting upon the Outel  face  of 
the  diaphragm  cause deflections of the diaphragm  and 
changes in  tension and  frequency of the vibrating wire. 
The  changing  frequency  is sensed and transmined to  the 
readouldevice by an eleclrical coil acting  through the 
walls of  the  capsule. 
Piezometers  incorparate a porous filter stone  ahead  of 
the diaphragm. which allows the fluid  to pass  through 
but  prevents soil panicles from  impinging  directly on 
the diaphragm. 
Advantaps and Limitations 
The 4500 Series Vibating Wire  Piezometers  and  PreSSure 
Transducers  have outstanding  long-term stability and 
reliability. and low thermal zero shift Cable  IengthS 
of several  kilometers  are  no problmn and the frequencv 
tances  (caused  by  splicing,  changes  of  length. terminal 
output  signal  is not  affected by changing  cabla  resis- 
wntect resistances, etc.1. nor by penetration  of  moisture 
into the  electronic circuiw. 
A thermismr located in the housing permits  the mea- 
surement  of  temperatures  at  the  piezometer  Iocetion. 
All-stainless  steel or titanium ConstruCtion  and  evacua- 
tion of the capsule  guarantees a high level of  corrosion 
resistance  Integral gas  discharge tubes  inside  the  main 
housing protect againn lightning damage. 
Standard  porous filters are  made from  sintered 316 
stainless  steel.  High  air-entry  ceramic filters are  available 
for use in applications  requiring  that air ba  prevented 
from passing through the filter. 
Vented  versions  of a11 models  are  available to provide 
autmatic compensation  for  barometric  pressure fluctm 
tions.  Negative  pressures  up  to 1 Bar can  be  measured. 
Vibrating wire pressure  transducers  are  not suitable 
for the measurernerd  of  rapidly  changing  pressures:  for 
these  purposes Model 3400 transducers  should be used. 
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Sy.tem Components 
The  basic  transducer is packaged  inside a sealed 
stainless  steei  tube for protection  egeinrt mechanical 
damage  and  water  intrusion. An imam1 !immisfM and 
gas-discharge  tube. Ifc? lightning pmtectionl. am ab0 
included.  The  Model  4700 is supplied with a +conductor 
cable attached. 
The Mcdel47M can be read  using  either the Modal 
Acceasorios 
GK-403 Readout Box or the Model 8 m O  Miim-10 
Datalogger.  TermiMl boxes end JUnCtion boxes are alw 
available  for multiple temwatura sensor i%tallalions. 
Mountinp  brackets  for installations on various StrUChlmS 
are  available as weii. 
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The Model 4700 is used to 
Applications 
in and  around ... 
measure the  temperatures 
Dams 
Concrete  structures 
Geothermal wells 
Landfills 
1 .E 
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perating  principle 
tensioned  steel  wire  is  clam@  axially  inside  a 
lind<cally shaped.  stainless  steel  body  and  is  made to 
Mate at  its fundamentel  frequency by means  of  electri- 
I pulses  fed  from  a  readout box through  a cable. to an 
mmnic coil  and  permanent  magnet  assembly  mounted 
)SB to the  wire. Temprature hangas cause  the 
sinless steel body to wrd end mntram at  a  different 
le than  the  vibrating  wire.  This  causes  a  mrrespondinp 
,ration of the wire  in the permanent  magnetic field 
enge in the  wire  tension  and in its vibrational frequency. 
juces  an  alternating  current in thieleEtronic mil wim, 
3 same  frequency  The  readout box used la pluck  the 
En be related to the temwrature tq means of  a  calibra- 
re  is now used to measure this frequency, which  can 
In factor suwlied with each  gage. 
Advantages and  Limitations 
The Model 4700 enjoys all tha advantages  of  vibrating 
wire sensors: Le.. excellent  long  term  stability. maximum 
resistance to the.effects of water and a  frequency  output 
suitable  for  transmission  over vary long cables. 
All components  are  made  from  steinless  steel  forcorro- 
sion  protenion. The  gages  are waterproof  and mmain 
internal  protection  against  lightning damage. 
Each  gage ala incorporates a thermistor  for USB as  a  back- 
up  or as an  independent heck on the temperature  reading. 
The Model 4700 is of  particular  value  where  cables 
arevery long, (lengths of up to 3 km  are  possible).  and 
where  other tym of  vibrating wire sensors  are  in  use. 
45W Piezometer  and Model 4BW Pressure  Cell. 
In addition. it can  be  incorporated  into  the Geokon Model 
Speeial  high  and low temperature  versions  are  available 
for  temperaturas  varying  from -f@C to t23ooC. 
The thermal response  of the Model 47W is  quite slow 
so it is not suitable  for  the  measurement  of  rapidly 
changing tempratures. 
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:hnica .I SPacifiC.! tionr 
7.5 m 
70.175 Wa 
70.175 Wa 
0.35.0.7.1.0.20.3.0.5.0, 
7.5 MPa 
0.35.0,7 Mpa 
0.07.0.17i0.35.0.7.1.0.2.0. 
0.07.0.17iO.35.0.7.1.O.Z.0, 
3.O.5.0.7.6MP~ 
0.35.0,7. 1.0.1.0.3,O MPa 
3.0. 5.0.7.5MPa 
5.0.7.5.  10.25. w. 75, 
1 w  wa 
0.35.07.m 2.0.3.0.5.0.7.5 
I O . X . N . ~ ~ . I ~ M P ~  
0.35,0.7.1.0.2.0. 3.0. 5.0. 
7.0 MPa' 
15.35 Lpa 
15.35 kPa 
7 kPl 
1 LPsdineendal 
0.m 4 
, 1.501rp 
1 , 0.3Okg 
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M o d s 1  45W.W Rsuvre Tmdwx 
The Model 450DH  and WOHH Pressure  Transducers  are  supplied with a X-18 
NPT male or female  pipe  thread fining to permit  the  transducer to be coupled 
directly  into  hydraulic or pneumatic  pressure lines Other pipe thread sizes  am 
also  availebie. 
I 
* W lMom HM Bqwmvm Remm I s b w  caikd lor W w  fiM#t# 
The Model 4500HT  High  Temperature  Piezometer is designed  for  applications 
where tha tamwratura may be as  high as BOT. Two versions  are  available. 
one  for  continuous use up to 200'C and  one for up to uO°C. Teflon cables 
inside  stainless  steal  tubing  are  normally  supplied with theso snnws. 
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The Model 4500Ti is designed  specifically  for ma  in highly  corrosive  ennron- 
menta  such  as landfills and  leach fields. Also used in critical amas  where long 
term survivability  is  essential,  for  example,  as innuclear  waste  repositories  and 
aggressive  mine tailings. All exterior  surfacas  are  made  from  titanium. 
. , >  I : I '  L.. i . . .  i 
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.Wf4WmhWdWEC 
Tha M a d e l  4580 b s a u m  Transducers  ara  designed for very low fluid pressure 
measuremants. sueh as  aroundwater  elavations in wells. water lavels in 
straems. wairx.  flumes.  efc.  Changes in water IkveIs of as little as 0.2 mm 
can be measured. Non vented typ8s can  be  used es a barometer to measure 
atmospheric p w r a  chang8s. 
, .  , . .  , 
I 
The Model 4500s Standard  Piezometer is designed to measure fluid pressures 
such  as  ground water  elevations and  pore pressures m e n  buried  directly 
in embankments. fills. etc. It is also  suitable  for  installation  inside boreholes. 
observation wells and standard 1>19 mm diameter) piezometer riser pipe. 
The Model 45WAl is designed for  low-Pressure  ranges. The vented  version 
(Model 450OALVl provides automatic  compensation  for  barometric Pressure 
changes. Thermistors  are  included to measure  temperatures. 
. # . & ~ u ~ ~ ~ ~ ~ r i v s m i n r ~ l * m m e t e n .  
The Mael 4500DP Drive  Point  Piemmeter has the  transducer lxated inside  a 
busing  with an EW drill  rod thread  and  removable  pointed nose cone.  When 
threaded onto  the  end of EW drill rods, the unit can  be  pushed  directly  into  soft 
ground with  the  signal cable  located  inside  the drill rod. This  model is ideally 
suited  for use in soh clays and  landfills. The piezometer  may be recovered at 
the end of the  job. 
Models  am also  available that are  similar  in  construction to  the 4500DP 
but which use standard  metric  threads allowing  for  installation using cone 
penetmmeter and other drill rods with adapters. 
! 
These  piezometers  are designed to enable the automation of small  diameter , The Model 4500HD  Heavy Duty Pi(UOm8tBr is designed  for  direct  burial in fills 
piezometer The 45000 fits  inside 19 mm pipe  and the 4 5 w C  imide and dam  embankments.  The 4500HD is used in coniunction with heavily armored 
12 mm pipe. i cable to withstand  earth  movements  during  construction. Recommended for use 
I in eanh 
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